stimuli. For example, Cx43 expression decreases 60 min after coronary artery occlusion in the rat. 21 During the course of hypoxia in cultured neonatal rat cardiomyocytes, the total Cx43 level increases after 15 min and then decreases after 5 h. 22 Ischemia enhances dephosphorylation of Cx43 in isolated cardiomyocytes 23 and in the perfused rat heart 17 after 30 and 15 min, respectively.
We hypothesized that a difference in GJIC between the risk and non-risk areas causes the limitation of CBN propagation to the risk area. To test this hypothesis, Cx43 expression and GJIC were compared between the risk and non-risk areas in the same heart after ischemia and the effect of a GJ inhibitor on the spread of CBN during reperfusion was investigated in an in-vivo rat model of coronary occlusion.
Methods

Animal Experiments
The protocol was approved by the Institutional Animal Care and Use Committee of the University of Tokyo. The left anterior descending coronary artery (LAD) of male Sprague-Dawley rats aged 8 weeks was occluded as previously described. 21, 24 The ECG (leads I-III) was monitored throughout the experiment. Rats in which arrhythmic events (PVCs, short runs of VT, and occurrence of VF) were observed during the early period (5-10 min) of ischemia were used in subsequent analyses. After the experiment, 1% Evans blue (EB) dye was injected into the right atrium to demarcate the risk area in the heart. The heart was divided into risk (negative staining with EB) and non-risk (positive staining with EB) areas, and each specimen was stored.
Subcellular Fractionation
Subcellular fractionation of the heart was performed as in our previous study. 21 Briefly, the heart sample (0.1 g) was homogenized with 1 ml of ice-cold STE buffer containing 320 mmol/L sucrose, 10 mmol/L Tris-HCl (pH 7.4), 1 mmol/L EDTA, 50 mmol/L NaF, 1 mmol/L Na3VO4 and Complete Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany). The homogenate (whole homogenate) was centrifuged at 1,000 × g for 10 min. The supernatant was then centrifuged at 100,000 × g for 60 min. The 1,000 × g and 100,000 × g pellets were resuspended in ice-cold STE buffer in a final volume of 1 ml. Hereinafter, these fractions are referred to as P1 and P2, respectively. The 100,000 × g supernatant was pooled as the S fraction.
Western Blot Analysis
The subcellular fractionized sample was subjected to SDS-PAGE on a 12.5% gel. Western blot analysis was carried out using an antibody to total Cx43 (71-0700, Zymed ® Laboratories Invitrogen Immunodetection, Carlsbad, CA, USA), Cx43 dephosphorylated at S368 (13-8300, Zymed), or actin (Sigma-Aldrich Japan, Tokyo, Japan). The protein level of the target was determined from a standard curve constructed by plotting the band densities and normalized by the actin level.
Immunofluorescence Analysis
Transverse sections of heart were immersed in 8% formaldehyde, embedded in paraffin, and sectioned at a thickness of 3 μm. Sections were deparaffinized, placed in citrate buffer, and subjected to microwave treatment for 5 min to expose antigen binding sites. The sections were then incubated overnight with anti-Cx43 antibody and anti-N-cadherin antibody (BD Biosciences, Franklin Lakes, NJ, USA) diluted 1:500 each and then for 1 h with fluoresceinconjugated anti-rabbit IgG and anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA), each diluted 1:50. Fluorescence was observed with a fluorescent light microscope (Axioskope 2, Carl Zeiss, Göttingen, Germany).
Dye Transfer Assay in Heart Sections
Assessment of GJIC activity in heart sections was performed using the method described by Ruiz-Meana et al 25 with a modification. Briefly, after 30 min of LAD occlusion and EB infusion, a thick transverse section was excised between the LAD ligature and the apex. The section was cut linearly in the center of the wall from anterior (the risk area) to septal (the non-risk area). Each piece of the section was immersed in a fluorescent dye solution [Hank's Balanced Salt Solution (HBSS) containing 2.5 mg/ml of Lucifer Yellow (LY) and 2.5 mg/ml of Dextran-Rhodamine (DR)]. After 2 min of dye loading, the pieces were washed 3 times with phosphate-buffered saline (PBS), embedded with OCT compound (Sakura Finetek, Torrance, CA, USA) and sectioned horizontally at a thickness of 6 μm using a cryostat (CM1850, Leica Microsystems, Wetzlar, Germany). Fluorescent images of LY (FITC excitation/emission) and DR (TRITC excitation/emission) were obtained in the same field with a fluorescent light microscope (× 40 objective). To determine dye transfer, the distances from the cut line to the dye diffusion front were measured at 5 points for each risk and non-risk area in the same section using image analysis software Image-Pro Plus (Media Cybernetics, Bethesda, MD, USA).
Protocol for Assessment of Reperfusion Injury
After LAD occlusion for 30 min, the occlusion was released for 5 min for measurement of the CBN area and for 6 h for infarct size measurements. Carbenoxolone (CBX, 2 mg · ml -1 · kg -1 in PBS) was injected intravenously for 1 min before the onset of reperfusion. After reperfusion, the LAD was occluded again and EB was injected into the right atrium. The transverse section was excised for use in the dye transfer assay or histology.
Measurement of the CBN Area
The CBN area was measured 5 min after reperfusion following 30 min of ischemia. The section was fixed with formaldehyde and embedded in paraffin. The section (3 μm thick) was stained with phosphotungstic acid hematoxylin (PTAH). CBN was identified from the appearance of a deep blue color, multiple granulations, and hypercontraction bands, as described by Matsuda et al. 9 The whole area of the section was divided into 25-27 regions and photographed with a microscope (Eclipse E400, Nikon, Tokyo, Japan) at ×40 magnification. CBN-positive cells were marked using digital image editing software Photoshop ® 6.0 (Adobe Systems, San Jose, CA, USA). The 25-27 photographs were reconstituted into a complete image representing the whole area of the original transverse section to trace the outlines of the section, the risk area, and the CBN area. These areas were measured using Image-Pro Plus.
Infarct Size Measurement
The infarct size was measured 6 h after reperfusion following 30 min of ischemia. Three transverse sections between the LAD ligature and the apex were incubated with 1% 2,3,5-tetraphenyltetrazolium chloride (TTC) at 37°C. After 10 min of incubation, the sections were fixed with formaldehyde for 30 min. Both sides of the sections were photographed with a digital camera (Coolpix 995, Nikon) and the risk area (negative staining with EB) and the infarct area (negative staining with TTC) were measured using ImagePro Plus.
Results
Brief Ischemia Induces Translocation of Cx43 From the P1 to the P2 Fraction
The anti-total Cx43 antibody (Zymed 71-0700) detected major bands of Cx43 migrating at 44-46 kDa and a minor band at 41 kDa in the control heart (Figure 1) . The antibody to Cx43 dephosphorylated at S368 (Zymed 13-8300) recognized the 41 kDa band selectively. LAD occlusion for 45 min increased the level of the 41-kDa band, but reduced the 44-46-kDa bands (Figure 1 ), consistent with a previous report. 17 These results indicate that the "dephosphorylated" and "hyperphosphorylated" forms of Cx43 migrate as the 41-and 44-46-kDa bands, respectively.
The P1, P2 and S fractions were enriched in myofibrils and nuclei, membrane, and cytosol, respectively. The P1 fraction was also rich in marker proteins of the Golgi apparatus, sarcoplasmic reticulum, and mitochondria, as detected by western blotting (data not shown). The P1 and P2 fractions contained 32.5±12.8% and 53.8±13.8% of the total Cx43 in the control hearts, respectively, whereas the S fraction contained only 1.8±0.6%, consistent with a previous study. 26 The fractions were prepared from heart after 10, 20, 30, 45 and 60 min of LAD occlusion and the Cx43 levels were determined using western blotting. The total Cx43 level in the P2 fraction increased with the time of ischemia to Temporal change of the connexin43 (Cx43) protein level in the whole fraction prepared from ischemic rat heart after left anterior descending coronary artery occlusion. (A) Representative western blots of total Cx43, Cx43 dephosphorylated at S368 (dp368-Cx43), and actin. C, control; R, risk area; NR, non-risk area. (B) Band densities of total Cx43. The Cx43 density was normalized using the actin level and expressed as a percentage of the mean of the control group. Values are means ± SE (n=4). *P<0.05 vs control (Dunnett test). approximately 1.5-fold of the control level, with a peak at 30 min (Figure 1) . In the P1 fraction, total Cx43 decreased to 50% of the control level after 30 min of ischemia (Figure 2) . In the whole homogenate, total Cx43 protein was unchanged up to 45 min of ischemia (Figure 3) . In the P2 fraction, the hyperphosphorylated form of Cx43 increased by a greater extent than the dephosphorylated form in 30 min of ischemia (Figure 1) . In the P1 fraction, only hyperphosphorylated Cx43 decreased, and in the whole homogenate only dephosphorylated Cx43 increased (Figures 2,3) . These results suggest that 30 min of ischemia induces redistribution of hyperphosphorylated Cx43 from the P1 to the P2 fraction.
Total Cx43 in the whole homogenate was unchanged up to 45 min, but decreased to half of the control level after 60 min of ischemia (Figure 3) , as previously reported. 21 A large portion of the hyperphosphorylated Cx43 was converted into dephosphorylated Cx43, with a peak at 45 min of ischemia, consistent with a previous report. 17 
Brief Ischemia Increases Cx43 Immunofluorescence at Intercalated Disks
Consistent with the increase in Cx43 in the P2 fraction, which contains GJs, immunofluorescence analysis showed more intense fluorescence of Cx43 at intercalated disks in the risk area than in the non-risk area in the same transverse section after 30 min of ischemia (Figure 4) . In 45 min of ischemia, a large portion of Cx43 was dephosphorylated (Figures 1, 3 ) and considerable Cx43 fluorescence was distributed to free sarcolemma (lateralization) (data not shown).
Brief Ischemia Enhances GJIC
We examined GJIC activity in the ischemic myocardium after 30 min of LAD occlusion, using a dye transfer assay. GJs are permeable to molecules smaller than 1 kDa, such as LY, but the plasma membrane becomes permeable to molecules larger than 1 kDa, such as DR, after disruption. Therefore, diffusion of LY and DR from the point of inci- sion is thought to reflect GJIC and membrane disruption, respectively. 27 After immersion in the dye-loading solution, the ratios of LY to DR diffusion in the section of the heart after 30 min of LAD occlusion were approximately 2.5 and 1.2 in the risk and non-risk areas, respectively (Figures 5A,  B) . There was no difference in DR diffusion between the risk and non-risk areas (Figures 5A, C) . Carbenoxolone (CBX) is a glycyrrhetinic derivative and a putative GJ blocker. 28 When CBX was injected for 1 min following 30 min of ischemia, the LY/DR ratio was reduced from 2.5 to 1.2 in the risk area (0 min of reperfusion in Figure 6C ). These results suggest that after 30 min of ischemia, GJIC increases in the risk area without membrane disruption, whereas it remains low in the non-risk area.
GJIC Promotes Propagation of CBN During Reperfusion
To determine whether the enhanced GJIC activity is retained in the early phase of reperfusion following 30 min of ischemia, we examined the time course of GJIC after reperfusion, again using a dye-transfer assay (Figures 6A,B) . The ratio of LY to DR diffusion in the risk area was still 2-3 at 2 and 5 min after reperfusion (Figure 6A) . At 10 min after reperfusion, the LY/DR ratio was reduced to 1 ( Figure 6A) , because of the increase in DR diffusion (Figure 6B ),which indicated membrane disruption during reperfusion. When CBX was injected for 1 min at the onset of reperfusion following 30 min of ischemia, the LY/DR ratio was reduced from 2.8 to 1.3 in the risk area after 5 min of reperfusion ( Figure 6C) . These results suggest that enhanced GJIC during ischemia is retained for at least 5 min after reperfusion.
We investigated the effect of CBX on the spread of CBN during early reperfusion following 30 min of ischemia (Figure 7) . The period of reperfusion was set at 5 min because ischemia-enhanced GJIC was retained for 5 min after reperfusion (Figure 6) . CBN was distributed mainly to the lateral borders of the risk area in the mid-myocardium and occupied approximately 30% of the risk area after 5 min of reperfusion following PBS infusion (as a control) (Figure 7B,D) . In contrast, CBX infusion decreased the CBN area to approximately 10% of the risk area. There was no difference in risk area between the PBS and CBX groups ( Figure 7C ). CBX has also been shown to affect the P2X7 receptor, 29 but the P2X7 receptor antagonist, suramin (30 mg/kg), had no effect on the CBN area (30.12±3.12% of the risk area, n=4). These results suggest that CBN spreads through GJIC in the first few minutes of reperfusion. Arrhythmic incidents were neither evident during reperfusion nor affected by CBX infusion.
CBX Reduces Infarct Size in IR
After 30 min of ischemia, 10 min of reperfusion caused plasma membrane injury and DR diffusion in the risk area increased to approximately 3-fold of the non-risk area in a dye-transfer assay ( Figure 6B) . Infusion of CBX for 1 min before onset of reperfusion significantly suppressed the increase in DR diffusion ( Figure 6D) . These results indicate that inhibition of GJIC protects cardiomyocytes against plasma membrane injury after reperfusion. After 6 h of reperfusion following 30 min of ischemia, the infarct size accounted for approximately 65% of the risk area (Figures 8A,B) . Infusion of CBX for 1 min before the onset of reperfusion reduced the infarct size to 40% of the risk area (Figures 8A,B) . These results support the proposal that GJIC accelerates infarct development in early reperfusion.
Discussion
Translocation of Cx43 to Intercalated Disks in Brief Ischemia
Our results provide the first demonstration of Cx43 translocation to GJs in ischemia in an in-vivo model. Ischemia induced redistribution of the hyperphosphorylated form (44-46 kDa) of Cx43 from the P1 to P2 fraction, with a peak at 30 min. The redistribution in 30 min of ischemia is a new finding, but does not contradict previous studies. In whole homogenate, Cx43 was dephosphorylated with a peak at 45 min of ischemia, as reported for brief ischemia in perfused 17 or excised 14 heart, and reduced at 60 min of ischemia, as found in ischemic or infarcted myocardium. 21, 30, 31 In astrocytes subjected to metabolic inhibition, the level of hyperphosphorylated Cx43 increases at the plasma membrane, where it is then dephosphorylated. 32 Additionally, Cx43 is thought to be degraded by lysosomes and/or proteasomes after dissociation from GJ plaques. 18, 19 Taken together, these results suggest that during ischemia hyperphosphorylated Cx43 may be translocated to GJs, where it undergoes dephosphorylation, endocytosis and degradation.
In controls, the P1 and P2 fractions contained 33% and 54% of the total Cx43, respectively, whereas the cytosolic (S) fraction contained a negligible amount of Cx43, consistent with a previous study. 26 In ischemia, the decrease in the P1 fraction did not match the increase in the P2 fraction, which may be a methodological limitation. However, there was a clear redistribution of Cx43 from the P1 to the P2 fraction, consistent with the enhanced Cx43 fluorescence at intercalated disks in the risk area, but not in the non-risk area, after 30 min of LAD occlusion. It is accepted that Cx43 undergoes trafficking from the sarcoplasmic reticulum and Golgi apparatus to GJs and endocytosis-mediated degradation in lysosomes or proteasomes. 33, 34 It has also been shown that Cx43 translocates to mitochondria and affords protection in ischemic preconditioning. 26, 35 The P1 fraction contained marker proteins for the sarcoplasmic reticulum, Golgi apparatus, lysosomes, and mitochondria (data not shown). However, the immunohistochemical localization of endogenous Cx43 in these organelles has not been defined, 17 and identification of the organelle supplying Cx43 for translocation to GJs and elucidation of this mechanism await further study.
Causality of Cx43 Translocation With GJIC Enhancement
Consistent with Cx43 translocation to GJs, we obtained solid evidence for post-ischemic enhancement of GJIC in the in-vivo model. The reliability of the GJIC assay is supported by a comparison of dye diffusion between the risk and non-risk areas in the same section after coronary occlusion. Several studies have demonstrated causality between Cx43 upregulation and GJIC activation, [11] [12] [13] and the phosphorylated state of Cx43 also mediates Cx43 distribution to GJs and regulation of GJIC activity. Phosphorylation at serine residues 325, 328 and/or 330 (pS325/328/330-Cx43) promotes distribution of Cx43 to GJs and enhances GJIC, 14 and phosphorylation at serine 365 (pS365-Cx43) has a "gatekeeper" function. 15 In contrast, dephosphorylation at serine 368 (dpS368-Cx43) increases the permeability of LY. 16 These results are consistent with redistribution of hyperphosphorylated Cx43 to the P2 fraction, enhancement of Cx43 immunofluorescence at intercalated disks, and GJIC activation in 30 min of ischemia. First, dpS368-Cx43 increases in the P2 fraction 30 min after ischemia. Second, hyperphosphorylated forms of Cx43 (44-46 kDa) are redistributed from the P1 to the P2 fraction, at which time Cx43 immunofluorescence increases at intercalated disks. It is likely that the hyperphosphorylated Cx43 consists of pS325/ 328/330-Cx43 and/or pS365-Cx43. 14, 15 The involvement of these forms of the protein in Cx43 translocation and GJIC upregulation will be addressed in a further study, because the antibodies are not commercially available.
Involvement of GJIC in Spread of CBN and Infarct Development
Infusion of a GJ blocker, CBX, for 1 min before onset of reperfusion reduced the CBN area 5 min after reperfusion following 30 min of ischemia. CBX also blocks the P2X7 receptor, 29 but the P2X7 receptor antagonist, suramin, had no effect on the CBN area. CBN is thought to spread during the first minutes of reperfusion and to contribute to development of infarct in the later phase. 5, 9, 10 Temporary inhibition of contraction at the onset of reperfusion results in infarct limitation. 36 Consistent with those observations, infusion of CBX for only 1 min before onset of reperfusion not only prevented CBN in the early phase, but also delayed infarct development in the late phase of reperfusion.
We previously reported that ischemia opens hemichannels, the precursors to GJs, in cardiomyocytes. 27 Hemichannels exist in plasma membranes and act as conduits between the cytoplasm and the extracellular space. 27 CBN did not have a spotted distribution, but clustered in the risk area (Figure 7B) . Additionally, hypercontracture has been shown to be transmitted from cell to cell through GJs in paired cardiomyocytes. 6, 7 These observations suggest that CBN is propagated from cell to cell through GJs, but not through hemichannels during reperfusion. CBN is distributed exclusively to the lateral borders of risk area in the mid-myocardium and does not propagate in the non-risk area beyond the border (Figure 7) . 5 In this study, we have the first evidence to explain how the spread of CBN through GJs is focused exclusively in the risk area. GJIC enhancement is induced in the risk area, but not in the non-risk area, during ischemia, thereby limiting CBN propagation to the risk area after reperfusion.
Hypercontracture is caused by increased intracellular Ca 2+ concentration ([Ca 2+ ]i). Ruiz-Meana et al proposed that GJ-mediated propagation of hypercontracture is induced by passage of Na + to adjacent cells through GJIC, resulting in secondary Ca 2+ influx via reverse Na + /Ca 2+ exchange. 7 On the other hand, an excess of [Ca 2+ ]i causes GJ channel closure. 37 Consistent with a previous report in perfused rat heart, 38 in the present study GJs were functional in 30 min of ischemia as demonstrated by dye transfer assay. We conclude that brief ischemia enhances translocation of Cx43 to GJs, leading to GJIC enhancement and CBN spread in the risk area, whereas the non-risk area has low GJIC activity and no spread of CBN after reperfusion.
